Introduction {#sec1}
============

Osteoporosis is characterized by a decrease in bone strength and an increased risk of fracture. Epidemiological study found that osteoporosis was present in 15.7% of the elderly population in China [@bib1]. Osteoporotic fractures, also known as fragility fractures, develop in the final stages of osteoporosis and are serious medical consequences that result in morbidity, high mortality caused by disability and high medical costs [@bib2], [@bib3]. In postmenopausal women, the risk of osteoporotic fracture is 40%, far higher than that of breast, endometrial and ovarian cancer combined [@bib1]. Osteoporotic fractures of the spine are the most likely to occur among the common fracture sites. Women with osteoporotic vertebral body fractures are four times more likely to refracture than those without vertebral fractures. Men with a history of vertebral fragility fractures are also at higher risk of refracture [@bib2], [@bib4]. These vertebral fragility fractures are a strong risk factor for other fractures in the future. Some studies have shown that patients with vertebral body fractures experience loss of body function, back pain and height loss, as well as difficulties in social interaction [@bib5]. Other research studies have shown that osteoporotic fracture of vertebral body can reduce life expectancy in patients and may worsen the mortality and permanent disability rates of long-term bedridden patients [@bib6].

Despite the prevalence of vertebral fractures, only a small number of people with fractures are found early, especially with atraumatic fractures, the aetiology of which is still relatively unknown, and vertebral fractures are often delayed in treatment compared with limb bone fractures. In a European study, more than one-eighth of the 15,570 individuals, aged between 50 and 79 years, without a history of fractures had vertebral deformation [@bib7]. In developing countries, atraumatic vertebral fractures due to osteoporosis are more likely to be ignored, and osteoporosis is perceived as a disease that occurs only in developed countries and is the inevitable result of ageing, which is neither treatable nor preventable. At the same time, there is not enough attention to bone health. However, the atraumatic fracture of vertebral body can have a greater impact on the quality of life of the elderly, so its prevention and treatment should be paid more attention.

In general, vertebral fracture occurs when external force acts on the vertebral body and exceeds its load. In atraumatic vertebral fracture, decreased bone strength is a primary cause of fracture. Vertebral body bone strength is determined by bone size, shape and density. It is also related to bone microstructure, collagen characteristics and microdamage [@bib8]. A previous study shows that areal bone mineral density (aBMD) can explain 50--70% changes in vertebral compression strength [@bib9].

Accurate measurement of bone mineral density (BMD) is an important basis for the diagnosis of osteoporosis. In recent years, more attention has been paid to quantitative computed tomography (QCT) because of its unique advantages, such as more accuracy than dual-energy X-ray absorptiometry (DXA) to reflect the changes in BMD. In this study, QCT was used to directly measure volume bone mineral density \[vBMD (mg/cm^3^)\] of lumbar vertebrae. We explore the correlations between QCT-measured BMD and the characteristics of age, sex, body mass index (BMI) and osteoporotic vertebral fracture and investigate their value in discriminating vertebral fragility fracture.

Materials and methods {#sec2}
=====================

Fracture group and control group {#sec2.1}
--------------------------------

Fifty-two males aged 60 years or above and 198 postmenopausal women with atraumatic spine fractures diagnosed using X-ray, computed tomography (CT) or magnetic resonance imaging were recruited into the study from February 2010 to October 2012 in Beijing Jishuitan Hospital. All participants underwent QCT examination of lumbar vertebrae. Sex- and age-matched controls were retrieved from the database of Jishuitan hospital.

All participants were required to meet the following criteria for inclusion in the study:1.Elderly men (≥60 years) or postmenopausal women.2.Absence of abnormal bone metabolism disease (e.g., diabetes, thyroid hyperfunction, hyperparathyroidism, etc.) and no history of taking drugs that affect bone metabolism (e.g., corticosteroids, calcitonin, vitamin D, diphosphonates, etc.)

Collection of general information (e.g., age, sex, ethnicity, place of residence, height, weight, menstruation, etc.) and a history of diseases and drug use that may affect bone metabolism was performed. The field epidemiological surveys of all participants in both the fracture group and the control group were conducted by unified trained investigators. The clinical study was approved by the Ethics Committee of the Beijing Jishuitan Hospital, and written informed consents were obtained from all participants.

CT scan acquisition and data measurement {#sec2.2}
----------------------------------------

All participants underwent CT scans using a multidetector CT scanner (Aquilion, 16-slice; Toshiba, Tokyo, Japan) following a standard protocol from the L1 to the L5. Scanning parameters were as follows: 120 kVp, 125 mAs, slice thickness of 1 mm and field of view of 40 cm. A lateral scout view of T4 to L4 vertebrae is obtained for localization. The scan table height was set at 90 cm using Mindways quality control phantom (Mindways, Austin, TX, USA). When scanning with the calibration model, the patient was placed in the supine position, and his or her head was raised with both hands while the phantom was placed beneath the patient\'s body.

Image processing {#sec2.3}
----------------

vBMD of the lumbar spine L1--L3 was measured using the commercial software QCT Pro (Mindways Software Inc., Austin, TX, USA). When fracture occurred in any of the L1--L3 vertebrae, the BMD of the L4 or L5 vertebra was measured and used as a replacement measurement for the abandoned fractured vertebrae. In either case, BMD was calculated using the average value of three intact vertebrae (mg/cm^3^).

Diagnosis of vertebral fracture {#sec2.4}
-------------------------------

The fracture patients were all atraumatic and admitted to hospital for operation; all patients underwent complete X-ray, CT and/or magnetic resonance imaging of the spine for diagnosis of fractures.

Statistical analysis {#sec2.5}
--------------------

The normal distribution data were presented as mean ± standard deviation and compared using independent Student *t* test. The other data with skewed distribution were expressed as median (quartile difference) and compared using Mann--Whitney U test. The correlation between BMD and clinical characteristics (age, height, weight and BMI) was analysed by univariate analysis (correlation coefficient bounds from 0--0.09 to 0.1--0.3 are weakly correlated; from 0.3 to 0.5 are moderately correlated and from 0.5 to 1.0 are strongly correlated). According to the data of the univariate analysis, the statistically significant indexes were added to the multivariate logistic regression analysis. Multivariate-corrected odds ratio value of discrimination factors was calculated. Furthermore, the area under the receiver operating characteristic (ROC) curve was used as the standard to calculate the cut-off values for positive predictive value and negative predictive value of BMD in the diagnosis of vertebral fracture. All statistical analyses were performed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA) and MedCalc (MedCalc Software, Mariakerke, Belgium). A *p* value \< 0.05 was considered statistically significant.

Results {#sec3}
=======

Difference of general characteristics between the fracture group and control group {#sec3.1}
----------------------------------------------------------------------------------

A total of 250 cases (52 males and 198 females) and 250 controls, matched for sex and age, were included in this study. The information (age, height, weight, BMI and BMD) of all participants is shown in [Table 1](#tbl1){ref-type="table"}.Table 1General characteristics between the fracture group and control group.Table 1CharacteristicMaleFemaleFracture groupControl group*p*Fracture groupControl group*p*Age (yrs)77.50 (69.25--80.00)77.50 (69.25--80.00)0.94868.00 (61.00--75.00)68.00 (61.00--75.00)0.937Height (cm)169.29 ± 5.99169.77 ± 5.370.667158.00 (155.00--162.00)158.00 (154.00--162.00)0.564Weight (kg)65.79 ± 11.0369.75 ± 9.140.04960.00 (54.00--65.00)60.00 (55.00--67.00)0.352BMI (kg/m^2^)22.95 ± 3.6124.20 ± 2.960.05723.80 (22.05--25.78)24.03 (22.37--26.37)0.155BMD (mg/cm^3^)57.22 ± 21.6699.29 ± 30.020.00039.37 (28.48--55.62)89.91 (69.92--114.60)0.000[^2]

In the males, weight and BMD were significantly different between the fracture group and the control group, whereas in female participants, only BMD was significantly different between the fracture and control groups.

History of trauma and clinical presentation of the fracture group {#sec3.2}
-----------------------------------------------------------------

With regards to injuries, in the fracture group, although all patients had not suffered violent trauma, most patients still had varying degrees of history of injury. Of these, 87.6% (219 cases) had minor daily life injuries, and 12.4% (31 cases) had osteoporotic vertebral compression fractures without any history of trauma. Of the patients with a history of trauma, 70.32% (154 cases) were caused by minor injuries caused by flat falls, and 26.94% (59 cases) were caused by sprains caused by bending over to lift objects or shifting positions in their daily lives. Cough, epilepsy and other muscle twitching in a very small number of patients (2.74% 6 cases) can lead to vertebral compression fractures. Under normal circumstances, these injuries do not lead to fracture of the vertebral body.

Lumbar back pain is a typical symptom of osteoporotic vertebral fracture. Most of the patients (243 cases, 97.2%) had moderate or mild pain, but a small number had no obvious pain. The pain site of most patients was consistent with the site of fracture (224 cases, 89.6%), but a small number of patients (19 cases, 7.6%) complained of pain outside the fracture site (including diffused pain with vague location of the pain site). A small number of patients presented with significant kyphosis deformity and decreased height. Constipation is also a common symptom (in more than 30% of patients).

Correlation between BMD and age, height, weight and BMI {#sec3.3}
-------------------------------------------------------

In males, BMD was only weakly correlated with age (r = −0.234). In females, BMD was weakly correlated with height (r = 0.133) and weight (r = 0.120) and was moderately correlated with age (r = −0.387). The correlation between BMD and the remaining variables in this study was not significant ([Table 2](#tbl2){ref-type="table"}, [Table 3](#tbl3){ref-type="table"}).Table 2Correlation analysis between variables in men.Table 2ParametersHeightWeightBMIBMDAge−0.033−0.0390.020−0.234\*Height---0.351\*−0.096−0.035Weight------0.897\*0.147BMI---------0.151[^3]Table 3Correlation analysis between variables in women.Table 3ParametersHeightWeightBMIBMDAge−0.256\*−0.197\*−0.091−0.387\*Height---0.502\*0.5500.133\*Weight------0.864\*0.120\*BMI---------0.060[^4]

Multivariate logistic regression analysis of fracture discrimination {#sec3.4}
--------------------------------------------------------------------

According to the results of univariate analysis, weight, BMI and BMD for both men and women were included in the multivariate logistic regression model. Because weight and BMI are in a collinear relationship, we choose the forward/backward: linear regression (LR) method (stepwise regression) to exclude its effects when we construct a multivariate logistic regression model.

In males, the results showed that BMD (*p* = 0.000) was an independent protective factor for vertebral fracture in men (*p* = 0.000). This suggests that, in men, the higher the BMD, the lower the discrimination of fracture. The logistic regression equation for elderly males is modelled: logit (*p*) = ((−0.069\*BMD) + 5.189) ([Table 4](#tbl4){ref-type="table"}).Table 4Multivariate logistic regression analysis of discrimination factors for vertebral fragility fracture.Table 4SexDiscrimination factorsBStandard errorWald*p*Odds ratiosOdds ratio value\
95% confidence intervalLower limitUpper limitMaleBMD−0.0690.01326.6780.0000.9340.9100.958(Constant)5.189FemaleBMD−0.0680.007105.0270.0000.9340.9220.946(Constant)4.523[^5]

In females, the results showed that BMD (*p* = 0.000) was also an independent protective factor for vertebral fracture (*p* = 0.000). The logistic regression equation for postmenopausal females is modelled: logit (*p*) = ((−0.068\*BMD) + 4.523) ([Table 4](#tbl4){ref-type="table"}).

ROC curve {#sec3.5}
---------

In males, the area under the ROC curve of BMD in the diagnosis of vertebral fracture was 0.885 (*p* \< 0.05), and the cut-off value was 64.16 mg/cm^3^ ([Figure 1](#fig1){ref-type="fig"}, [Table 5](#tbl5){ref-type="table"}).Figure 1ROC curve of vertebral fragility fracture diagnosed by BMD in males. AUC = 0.885; cut-off value = 64.16 mg/cm^3^. AUC = area under the ROC curve; BMD = average bone mineral density measured by QCT; QCT = quantitative computed tomography; ROC = receiver operative characteristic.Figure 1Table 5Area under the ROC curve in diagnosis of vertebral fracture by BMD.Table 5ParameterSexAUCStandard error*p*95% CILower limitUpper limitBMDMale0.8850.03150.0000.8070.939Female0.9060.01460.0000.8730.933[^6]Table 6Positive and negative predictive values for the diagnosis of vertebral fractures with different BMD values.Table 6BMD (mg/cm^3^)MaleFemalePPVNPVPPVNPV45100---10071.485010065.0097.8876.776089.1971.6486.0379.727081.6378.1877.3182.778077.1982.9869.8484.729070.0091.1865.1589.9010064.9492.5961.3492.7711056.6792.8758.4110012053.7610056.37100[^7]

In females, the area under the ROC curve of BMD in the diagnosis of vertebral fracture was 0.906 (*p* \< 0.05), and the cut-off value was 55.58 mg/cm^3^ ([Figure 2](#fig2){ref-type="fig"}, [Table 5](#tbl5){ref-type="table"}).Figure 2ROC curve of vertebral fragility vertebral fracture diagnosed by BMD in females. AUC = 0.906; cut-off value = 55.58 mg/cm^3^. AUC = area under ROC the curve; BMD = average bone mineral density measured by QCT; QCT = quantitative computed tomography; ROC = receiver operative characteristic.Figure 2

The positive predictive values and negative predictive values for the diagnosis of vertebral fracture between men and women at different BMD values are shown in [Table 6](#tbl6){ref-type="table"}.

Discussion {#sec4}
==========

In this study, we investigated the discrimination factors of vertebral fragility fracture in elderly men and postmenopausal women. Based on the vBMD measured by QCT, a model was established to predict the discrimination of vertebral fracture in elderly men and postmenopausal women. The cut-off value of BMD and the positive predictive value and negative predictive value in the diagnosis of vertebral fracture were obtained.

Vertebral fractures, the most prominent sign of osteoporosis, usually occur in the middle of the thoracic vertebra and the thoracolumbar vertebrae [@bib10] and are the most common fragility fractures observed in the elderly population. Most patients have only minor injuries, such as falls, pick up, and even muscle twitching caused by coughing. Even many patients do not have a clear trauma. Lumbar back pain is a typical symptom of osteoporotic vertebral fracture. Physical examination showed limited spinal movement and vertebral body tenderness and percussion pain. The pain is characterized by aggravation after activity and relief at rest. The degree of pain in patients with fractures can range from mild-to-severe twitch-like pain, typically moderate pain. Mild pain is easy to be ignored. For patients who do not heal for a long time, especially patients with obvious kyphosis, vertebral compression fracture is often possible. These fractures have been associated with weight loss, spinal deformation, chronic pain and decreased quality of life. The usefulness of vertebral body fractures as a strong predictor of future fractures independent of BMD [@bib11], [@bib12] is of great clinical significance. Considering the sizable prevalence of vertebral fractures in the population, it is alarming that the aetiology of this fragility fracture still remains unclear. The reason for this may be in part because only a small percentage of this fracture-bearing population obtains imaging evidence of vertebral deformities. It may also be that formal medical treatment of vertebral fractures is often much more delayed than treatment of limb fractures. Both scenarios would mask the condition from medical attention at a population level, obscuring better understanding.

The fracture of the vertebral body is determined by the ratio of the vertebral body\'s damage load to external force applied to the spine. Fracture occurs when the strength of the bone is less than the stress applied. Fragile bone structure or great external stress can be high risk factors for fracture. The changes in compressive strength of the vertebral body are mostly determined by the size of the vertebral body, or bone mass, and BMD. Laboratory studies have shown that aBMD can explain the 50--70% change in the compression strength of the vertebral body [@bib8].

The load-bearing capacity of the vertebral body is determined by the structural capacity of the vertebral body and the state of daily activity and trauma load. Fracture can be regarded as a mechanical event when the load exceeds the strength of the bone. The damage load of the vertebral body is related not only to bone density and structure of cancellous bone in the vertebral body but also to the biomechanical properties of the vertebral body, the spine and neurophysiology [@bib10]. The maximum strength of cancellous bone is determined by the maximum pressure on the overall structure of the vertebra. Therefore, the trivial injury mechanism or type of microdamage affects the fragility fracture. When bone strength is less than physiological or traumatic stress, fracture occurs. From the mechanical point of view, the compression force applied to the spine is transmitted from the intervertebral disc to the endplate and then distributed over the cancellous bone and the thin cortical bone that make up the vertebral body. Axial force is mainly carried by cancellous bone. External axial force is applied to the vertebral body, which produces stress and strain on the center of the cancellous bone. In extreme cases, when bone strength is weak to a certain extent, muscle forces can also lead to fracture. So, "injury" and bone strength are very important mechanical characteristic of fracture risk [@bib13].

BMD measurement is the relatively simple standardized biomechanical indicator in bone research and is considered the most important quantitative index of bone strength [@bib10]. Several studies on the relationship between BMD and fractures [@bib14], [@bib15], [@bib16], [@bib17], [@bib18] confirmed that BMD was the primary indicator of osteoporotic fractures [@bib19]. Studies have shown that BMD of lumbar vertebrae and hip in patients with fragile fracture is 20--30% lower on average than that in healthy controls [@bib20]. For every 1--standard deviation decrease in BMD in American women, the risk of vertebral body fracture increased by 1.5--1.8 times [@bib21] and that in Chinese women increased by 2.5--3.2 times [@bib22]. Zhang et al provided normative BMD data of cervical vertebrae in an age- and sex-stratified population [@bib23], which is beneficial in designing a more comprehensive preoperative surgical plan.

In this study, we demonstrate that BMD is an independent protective factor of osteoporotic vertebral fracture in both males and females by univariate analysis, correlation analysis, multivariate logistic regression, and ROC curve. The result is consistent with that of previous studies.

In recent years, the quantitative measurement of BMD by DXA and QCT has been widely reported. We used QCT instead of DXA to measure vertebral body BMD. Although the World Health Organization has set DXA as the standard for the evaluation of BMD and for the diagnosis of osteoporosis in clinical work [@bib25], the two-dimensional images acquired by DXA cannot estimate bone mass to the same degree of geometric detail as is possible with QCT\'s more sensitive cross-sectional three-dimensional images, and limitations such as plane projection inconsistency result in a false-positive increase of the measurement results. On the other hand, QCT can accurately obtain the true three-dimensional data and vBMD of cortical and cancellous bone in the vertebrae [@bib4] without being impacted by severe spinal degeneration and hyperplasia, vascular calcification, oral contrast agent, posture, etc. The International Society for Clinical Densitometry Official Positions [@bib26] assert that QCT is more sensitive than DXA. In addition to the superior imaging sensitivity of QCT over DXA, the raw data obtained by QCT can be used to analyse and study the structural changes and characteristics of bone through complex image processing.

In previous studies, Yi et al showed preoperative QCT evaluation of bone loss in femoral head and clinical application [@bib27]. Su et al predicted hip fracture type of elderly Asian patients with low-energy fall by vBMD and femoral morphology from QCT [@bib28]. Ma et al measured the age-related changes of bone mass in the population of East China by QCT and concluded that QCT vBMD was positively correlated with aBMD [@bib29]. Compared with hip computed tomography X-ray absorptiometry aBMD, spinal vBMD was more sensitive to the detection of osteoporosis. Amstrup et al research data suggest that the various techniques (DXA, high resolution (HR)-pQCT and QCT) measure different characteristics of bone, and in clinical practice, they can supplement well [@bib30].

A limitation of this study is that prospective follow-up results were not provided. Another limitation is that the sample size of male cases observed was relatively small. In addition, other factors known to affect the incidence of fracture such as paravertebral muscle traits, fat distribution, etc. were not included in this study [@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36]. Further research is needed.

Conclusions {#sec5}
===========

In summary, this study suggests that vertebral fragility fracture is closely related to BMD. BMD was an independent protective factor in both elderly men and postmenopausal women. The cut-off values of BMD in the diagnosis of vertebral fracture were 64.16 mg/cm^3^ (male) and 55.58 mg/cm^3^ (female). BMD measured by QCT demonstrates high specificity and sensitivity in the diagnosis of vertebral fracture, suggesting its important value in predicting vertebral fracture.
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[^1]: Both contribute equally.

[^2]: BMI = body mass index; BMD = average bone mineral density measured by QCT; QCT = quantitative computed tomography.

[^3]: \**p* \< 0.05; BMI = body mass index; BMD = average bone mineral density measured by QCT; QCT = quantitative computed tomography.

[^4]: \**p* \< 0.05; BMI = body mass index; BMD = average bone mineral density measured by QCT; QCT = quantitative computed tomography.

[^5]: BMD = average bone mineral density measured by QCT; QCT = quantitative computed tomography.

[^6]: AUC = area under the ROC curve; BMD = average bone mineral density measured by QCT; CI = confidence interval; QCT = quantitative computed tomography; ROC = receiver operative characteristic.

[^7]: BMD = average bone mineral density measured by QCT; NPV = negative predictive value; PPV = positive predictive value; QCT = quantitative computed tomography.
